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We analyze the neutrino mass spectrum and discuss the extra-dimensional interpretation of a three-site 
Pati-Salam model which i) unifies all families of quark and leptons, ii) provides a natural description 
of the Standard Model Yukawa couplings, iii) could account for the recent B-physics anomalies. The 
key feature of the model is a breaking of the Pati-Salam and electroweak gauge symmetries localized 
on opposite sites, communicated to the other sites in an attenuated manner via nearest-neighbor 
interactions. We show that in this context gauge-singlet fermions localized on each site, receiving 
hierarchical Majorana masses, can allow the implementation of an inverse seesaw mechanism leading 
to light anarchic neutrino masses consistent with data. The continuum limit of this three-site setup has 
a natural interpretation in terms of a warped extra dimension with three defects, where the required 
exponential hierarchies can be achieved from O(1) differences in the bulk field masses.
 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction
Quark-lepton unification in the style of Pati and Salam [1] is 
a compelling ultraviolet extension of the Standard Model (SM). In 
addition to a simplification of the SM matter content, as quarks 
and leptons are unified into the fundamental representation of 
SU (4), the non-Abelian nature of the Pati-Salam (PS) gauge group 
predicts the quantization of hypercharge. Furthermore, due to 
baryon number arising as an accidental global symmetry at the 
renormalizable level, proton stability is a prediction of PS-style 
unification models. These features on their own are enough to 
beg the question of whether the quark-lepton unification scale can 
be as low as TeV, which is the scale currently being probed by 
the Large Hadron Collider (LHC). Making this question even more 
timely is that PS-style quark-lepton unification predicts the ex-
istence of a gauge vector leptoquark (LQ) transforming as Uμ1 =
(3, 1, 2/3) under the SM gauge group, which has been shown to 
be the ideal single mediator explanation to address the recent B-
anomalies if its mass is no more than a few TeV [2–7].
There are two major issues with flavor-universal PS unifica-
tion at the TeV scale. The first is that in order to satisfy strin-
gent bounds on flavor changing neutral current (FCNC) processes 
involving the light SM fermions, the mass of a flavor-blind PS 
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leptoquark must be pushed above 103 TeV [8–12]. The second is 
that up-type quarks and neutrinos are unified within the same 4
of SU (4), leading to the phenomenologically disastrous prediction 
m
(i)
u = m(i)ν . In models where the PS gauge group is broken at the 
grand-unification scale, this problem can be naturally solved in the 
context of a Type-1 seesaw mechanism [13–17], but this solution 
fails dramatically for low-scale PS unification.
The simplest way of addressing the first issue is to implement 
PS unification in a flavor non-universal manner [18–20]. Inter-
estingly, third-family quark-lepton unification close to the elec-
troweak (EW) scale is phenomenologically allowed. Furthermore, 
this setup naturally accommodates an accidental U (2)5 global fla-
vor symmetry at the TeV-scale: a key ingredient required to evade 
the tight bounds on FCNCs while simultaneously addressing the 
B-anomalies [4,6,21,22].
Most of the existing TeV-scale unification models only at-
tempt third-family PS unification, keeping the light families SM-
like [19,20]. An exception to this is the PS3 model [18], which 
postulates a copy of the PS gauge group for every generation, yield-
ing family-by-family unification of quarks and leptons at different 
energy scales. In particular, the third family is unified at the TeV 
scale, while the light families are unified at significantly higher 
scales in order to evade the FCNC bounds. A key feature of this 
construction is that, to first approximation, the Higgs field respon-
sible for the electroweak symmetry breaking (EWSB) is charged 
only under the third family (or third site) PS gauge group. This 
implies that EWSB is communicated to the light families via the 
effective mixing of this field with heavier states, charged under the 
different gauge groups. This mixing is suppressed by the scale hi-
https://doi.org/10.1016/j.physletb.2021.136484
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erarchy (or the separation between sites), naturally leading to the 
hierarchical flavor structure of the SM. This construction finds a 
natural justification in the context of a higher-dimensional theory, 
where the generation index is in one-to-one relation to the loca-
tion of four-dimensional (4D) branes along a hypothetical compact 
fifth dimension.
The PS3 setup forces us to address three separate neutrino mass 
problems at the three different energy scales. The neutrino mass 
problem in the context of a low-scale flavor-universal PS model 
was first solved in [23] by a simple extension of the matter con-
tent: gauge-singlet fermions were introduced to implement the 
so-called inverse seesaw (ISS) mechanism [24–26]. The resulting 
neutrino masses scale parametrically as mν ≈ μ (m(3)u /mR)2 , where 
mR is of order the PS unification scale and μ is the Majorana mass 
of the new singlets. The latter is the only fermion number vio-
lating parameter of the theory and can therefore be taken very 
small, providing a natural justification for the smallness of neu-
trino masses. It was recently shown that the same mechanism can 
also be implemented to solve the neutrino mass problem of a fla-
vor non-universal PS model, with third-family unification at the 
TeV scale [19]. There, however, the required flavor structure to ob-
tain anarchical neutrino masses and mixings is not explained but 
rather put by hand. It is therefore interesting to ask whether a so-
lution of the neutrino mass problem in the three-site PS3 model 
might also result in an explanation of this structure, somehow 
analogously to what happens for the flavor structure of SM Yukawa 
couplings.
At first glance, obtaining anarchical neutrino masses and mix-
ings from a PS3-type construction seems difficult as the family-by-
family ratios (m(i)u /m
(i)
R )
2 are extremely hierarchical. This is because 
the quark masses and PS-breaking νR masses are inversely hierar-
chical, with the highest m(i)R corresponding to the lowest m
(i)
u , and 
vice-versa. Indeed, if one implements the ISS mechanism by adding 
three gauge-singlet fermions, one obtains an extremely hierarchi-
cal active neutrino mass spectrum if the Majorana mass for all the 
singlets originates from the same scale (μi ∼ μ).
In this letter, we show that an anarchical neutrino flavor struc-
ture can be naturally realized in PS3 if the Majorana masses μi
arise dynamically from the vacuum expectation value (VEV) of a 
SM-singlet scalar field. The breaking of the fermion number sym-
metry is then assumed to be localized in the first family (or first 
site) and, as in the case of EWSB, communicated to the other 






2 ≈ const. This amounts to a site-by-site solution to 




compensated by the corresponding inverse hierarchy in μi .
Besides addressing the problem of neutrino masses, we further 
discuss how the discrete multi-scale structure of the PS3 frame-
work could be justified within a continuous five-dimensional (5D) 
UV theory.1 As we show, the flavor structure of the model can 
naturally be understood as originating from scalar fields taking ex-
ponentially decaying VEVs in the bulk. In particular, the breaking 
of the fermion number and PS symmetries are assumed to origi-
nate at the same boundary of a compact extra dimension, while 
EWSB originates at the opposite boundary. This way, the scalar 
profiles evaluated on three sites (or branes) in the bulk generate 
the required hierarchies from O(1) differences in the scalar bulk 
masses. Moreover, as we discuss in detail, the requirement of ad-
dressing the B anomalies, points toward a warped geometry for 
the extra dimension.
The structure of the paper is the following: in Section 2, we 
briefly recall the PS3 model, introducing a few modifications with 
1 Alternative UV models based on variations of the original PS model, aimed at 
addressing the B-physics anomalies, have been proposed in [27,28].
respect to the original formulation [18] in order to facilitate its in-
terpretation within the context of a higher-dimensional theory. In 
Section 3, we show how to extend the model to implement the ISS 
mechanism and address the phenomenology of the neutrino sec-
tor. In Section 4, we discuss the possible embedding of the model 
into a continuous 5D description. The results are summarized in 
Section 5.
2. The PS3 model
The PS3 model introduced in [18] consists of a 4D (de)construc-
tion [29–31] of the original PS model [1] into three sites. The 4D 
gauge sector is2
PS3 ≡ PS1 × PS2 × PS3 , (1)
where PS ≡ SU (4) × SU (2)L × SU (2)R . Each PSi group acts, sepa-
rately, on each of the SM fermion families, described by the fields

(i)
L ∼ (4,2,1)i , 
(i)
R ∼ (4,1,2)i , (2)
with the inclusion of three right-handed neutrinos.
The breaking of the PS3 symmetry down to the (flavor-
universal) SM group is realized via a series of spontaneous sym-
metry breaking (SSB) steps, summarized in Fig. 1. Each of these 
breakings belongs to one of the following categories:
i) Horizontal breaking, where (part of) the symmetries of two 
adjacent sites are broken to their diagonal subgroup. This is 
achieved by a set of non-linear scalars or link fields, transform-
ing in bi-fundamental representations of PS3 ,
4i j ∼ (4,1,1)i × (4̄,1,1) j ,
Li j ∼ (1,2,1)i × (1, 2̄,1) j ,
Ri j ∼ (1,1,2)i × (1,1, 2̄) j ,
(3)
that acquire a VEV at the scale f 4,L,Ri j . Note that this is differ-
ent from the original implementation in [18], where the links 
fields were introduced as linear fields. Having non-linear fields 
implies that the model has a UV cut-off at  ∼ 4π f 4,L,Ri j at 
which unitarity is lost. Unitarity could be restored by replac-
ing the links by linear fields, as in [18], or by an infinite tower 
of heavy resonances, as in an extra-dimensional (or composite) 
description.
ii) Vertical breaking, where the symmetry of a given site is bro-
ken into a smaller subgroup. We consider two types of vertical 
breakings:
ii.a) PSi → SMi breaking: the PS symmetry of a given site is 
broken to its SM subgroup by the VEV of the scalar fields 
i ∼ (4, 1, 2)i .3 To comply with the stringent flavor con-
straints on the PS leptoquark, this breaking is assumed 
to occur mainly in the first site. More precisely, we as-
sume 〈3〉 = ǫ23 〈2〉 = ǫ23 ǫ12 〈1〉, with ǫi j being small 
parameters that determine the site-by-site attenuation of 
the 1 VEV.
2 We assume that the PS1 factor is reduced to PS′1 ≡ [SU (4) × SU (2)L × U (1)R ]1
before inflation, avoiding the monopole problem of low-scale PS models [32,33]. 
This can be easily achieved by an appropriate SU (2)R breaking source, without af-
fecting our discussion.
3 Another relevant scalar field, whose VEV leaves the SM subgroup invariant, is 
15 ∼ (15, 1, 1). This field helps splitting quark and lepton masses and introduces 
new sources of flavor violation in the leptoquark interactions [21,34]. For simplicity, 
we will not discuss this field here.
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ii.b) EWSB: The EW subgroup [SU (2)L × U (1)Y ]i of a given 
site is broken to the corresponding QED-like subgroup 
by the VEV of a Higgs-like field H i ∼ (1, 2, ̄2)i . Contrary 
to the previous case, in order to explain the hierarchi-
cal structure of the SM Yukawa couplings, the Higgs VEV 
is assumed to be dominantly localized on the third site. 
More precisely, we assume 〈H1〉 = ǫH12 〈H2〉 = ǫH12 ǫH23 〈H3〉, 
with the attenuation parameters ǫHij taken to be small.
Within a renormalizable 4D description, the quasi-localized i
and H i VEV structure can easily be obtained from a multi-site 
scalar potential with nearest-neighbor interactions [31,35]. In 
this construction, the ǫH,i j parameters are related to ratios of 
masses of the different scalar fields. As we discuss in Section 4, 
this structure could originate from 5D scalar fields localized on 
opposite sides of a compact extra dimension with exponen-
tially decaying VEV profiles.
This construction is different but in close analogy to the orig-
inal PS3 proposal [18], where the vertical breaking was as-
sumed to be fully localized on the third (first) site for H (), 
and an effective small delocalization was achieved via higher-
dimensional operators written in terms of the (linear) link 
fields.
The different symmetry breaking scales are constrained by 
flavor-violating processes and by the observed Yukawa patterns. 
More precisely, the tight constraints from FCNCs fix the scale of 
PS1,2 → SM1,2 vertical breakings as well as 1-2 horizontal break-
ings to be above 103 TeV. Below 12 ≈ 103 TeV, the gauge sym-
metry is thus reduced to SM1+2 × PS3 , and the model presents a 
global accidental U (2)5 flavor symmetry acting on the first- and 
second-family fermions. The U (2)5 symmetry ensures enough pro-
tection against flavor constraints, so that the VEV of 3 and the 
2-3 link fields (and hence the breaking of PS3) can be as low 
as few TeV [21,22]. On the other hand, as previously mentioned, 
the observed Yukawa patterns suggest that the dominant source 
of EWSB should be located on the third-family site. This way, the 
Yukawa interactions
−LY ⊃ yi ̄(i)L H i
(i)




R + h.c. , (4)
with H̃ i = iσ2 H∗i iσ2 denoting the conjugate Higgs field, are suf-
ficient to describe the fermion masses with O(1) Yukawa cou-
plings.4 To reproduce the Cabibbo–Kobayashi-Maskawa (CKM) ma-
trix, we introduce nearest-neighbor interactions between fermions



















R + h.c. ,
(5)
and analogous terms with the conjugate Higgs field. Since these 
correspond to interactions between fermions of different sites, we 
include the small parameters ǫLi j which, similarly to the case of 
the i and Higgs VEVs, determine the localization of the left-
handed fermions in their corresponding sites. We further assume 
that right-handed fermions are fully localized, i.e. ǫRi j = 0. A renor-
malizable 4D description where the ǫLi j can be computed in terms 
of scale ratios (and additional interaction terms) can be obtained 
by introducing a series of vector-like fermions, charged under the 
subgroups [18,19,31,35].
4 The smallness of tau and bottom Yukawa could be explained by extending the 
Higgs sector to a type-II two-Higgs-doublet model with vu ≫ vd .
Fig. 1. Schematic representation of the SSB structure in PS3: each dotted line de-
notes a field (or set of fields) with non-vanishing VEV. Long/short lines qualitatively 
indicate small/large VEVs.
The Yukawa Lagrangian in (4) and (5) preserves the acciden-
tal U (2)5 flavor symmetry of the gauge sector in the limit where 
the Higgs VEV and the left-handed fermions are fully localized, i.e. 
ǫHij , ǫ
L
i j → 0. These parameters therefore act as spurions of the fla-
vor symmetry. Their size can be deduced from the CKM mixing 
matrix, the fermion mass ratios and the fit to the anomalies in 




2 ∼ 10−2 , ǫL12 ≈ 2ǫL23 . (6)
An appealing feature of this multi-site construction is that the 
postulated mass hierarchies, which are deduced by the flavor hier-
archies and the absence of large FCNCs, are protected against large 
radiative corrections by the nearest-neighbor structure of the in-
teractions [35]. In particular, the Higgs sector is radiatively stable: 
the light Higgs field on the third site, responsible for EWSB, is cou-
pled to the high-scale fields on the first site only at high orders in 
the loop expansion. As a result, the model suffers of a moderate 
fine-tuning problem, not different than any other model with TeV-
scale dynamics [35].
3. Extension of the neutrino sector
In the original formulation of the PS3 model, EWSB provides 
the only source for neutrino masses. Since quarks and leptons 
are unified into SU (4)i multiplets, this implies the mass rela-
tions m(i)e = m(i)d and m
(i)
ν = m(i)u for SU (4)i-singlet Higgses. While 
the first mass relation is approximately realized and only needs 
to be slightly perturbed, the second mass relation is clearly in-
consistent with observations. Adding Higgs fields transforming in 
the 15 representation of SU (4)i , as done in [18], would modify 
this unwelcome prediction. However, the required tuning between 
the SU (4)-preserving and the SU (4)-violating Higgs VEVs is at the 
10−12 level, making this solution unsatisfactory.
On the other hand, right-handed neutrino masses can only be 
as high as the corresponding PSi-breaking scales, making normal 
seesaw mechanisms, like type-I seesaw, rather unnatural for a TeV-
scale PS3 breaking. As pointed out in [19], a more natural imple-
mentation is achieved via an inverse seesaw mechanism [24–26]. 
The simplest extension of the PS3 set-up yielding such mecha-
nism consists in adding three chiral gauge-singlet fermions S (i)L , 
one for each family,5 responsible for the breaking of fermion num-
ber(s). The latter breaking can be made directly proportional to the 
observed neutrino masses by introducing appropriate couplings 
5 Given the presence of three right-handed neutrinos in the model, this is the 
minimal viable ISS implementation [36].
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between S L and R (see below). The (arbitrarily small) break-
ing of fermion number can be obtained adding Majorana mass 
terms for the S L . As anticipated, the strong hierarchy in the Dirac 
masses and PSi breaking scales calls for highly hierarchical Majo-
rana masses to reproduce an anarchical light neutrino mass ma-
trix. We can achieve this goal assuming that these masses arise 
from the VEVs of new gauge-singlet fields 
i , responsible of the 
spontaneous breaking of fermion number. This way, the required 
hierarchies can be understood in terms of VEV localizations, anal-
ogously to the  and H cases. As for , we assume that the VEV 
of 








i j ≪ 1 controlling the site-
by-site VEV attenuation.
The relevant Lagrangian for neutrino masses thus reads
















c + h.c. , (7)
which, combined with the Dirac neutrino masses from (4), yields 
the inverse seesaw mechanism. Analogously to the Higgs Yukawa 
sector, we introduce nearest-neighbor interactions accounting for 
interfamily mixing

























R + h.c. ,
(8)
where we have used the freedom to rotate away off-diagonal 
terms in the 
 interactions by an appropriate S L redefinition. 
Once more, the ǫ Si j parameters control the site localization of the 
S
(i)
L fields. Analogous to the nearest neighbor interactions of the 
Higgs Yukawa sector in (5), these parameters can be understood 
as arising from the mixing between S (i)L and SM-singlet vector-
like fermions. However, note that contrary to (5), no link fields are 
present since U (1)F is a global symmetry.
3.1. Neutrino masses and mixings
After spontaneous symmetry breaking, we obtain the following 
light neutrino mass matrix (see Appendix A for details)









































































with mD written in the charged lepton mass eigenbasis. Here, yν is 
the neutrino Yukawa coupling, which we allow to differ from the 
up-quark Yukawa, yu , by O(1) terms. As previously mentioned, 
this difference can be achieved via appropriate SU (4)-breaking 
sources.
Our goal is to obtain a non-hierarchical structure for mν , as in-
dicated by neutrino oscillation data (i.e. neutrino mass differences 
and mixing angles) without tuning the yνi j and y

i j coefficients, 
which we assume to be of O(1). This is achieved if the follow-
ing two independent conditions are satisfied




i j , ǫ






Employing these two conditions, the parametric expression of the 















where the last term follows from the assumption of a unique scale 
for the VEVs of the fields dominantly localized on the first site 
(〈1〉 ∼ 〈
1〉 ∼ UV). This expression is analogous to the standard 
type-I seesaw formula, with the extra factor (ǫH12ǫ
H
23)
2 ∼ m2u/m2t ∼
10−8 , which is the (double) price to pay to connect the EWSB scale 
(localized on the third site) to the scale of lepton-number breaking 
(localized on the first site).
Setting 10−2 mν  10−1 eV, as suggested by cosmological ob-
servations and neutrino data, the relation in (12) implies UV ∼
104 TeV, providing a non-trivial consistency check of our construc-
tion. This is indeed the correct order of magnitude for the PS1
breaking scale, once we assume 〈3〉 ∼ 1 TeV for a solution of the 
B-physics anomalies (see next section).
In summary, the phenomenological requirements of an anar-
chical neutrino mass matrix and the solution of the B-physics 
anomalies, allow us to fix completely all the scales of the problem. 
Adjusting the O(1) factors, we end up with the following eigen-









7, 105, 103) GeV ,
μi ∼ (107,10−1,10−9) GeV .
(13)
Note that these scales hierarchies are for reference only, since their 
strong sensitivity to the O(1) numbers can make them vary up to 
an order of magnitude.
3.2. PMNS unitarity violation
The extended structure of the neutrino sector, involving the 
mixing of 9 independent neutrino states, necessarily leads to uni-
tarity violations in the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) 
matrix, which controls the mixing of the light sub-sector only. We 
describe this effect defining the matrix η = |1 − NN†|, where N is 
the non-unitary 3 × 3 PMNS matrix. To leading order in the ISS 
expansion, the Hermitian matrix η can be computed as (see Ap-
pendix A for details)




Assuming Yukawa couplings of order one, the expected size of the 



































As can be seen, the largest violation occurs in η33 , i.e. in the uni-
tarity sum of the third row or third column of the PMNS matrix, as 
pointed out first in [19]. This effect propagates to the other sites 
via appropriate insertions of ǫLi j , resulting in a texture for η that 
naturally suppresses unitarity violations involving the light fami-
lies. Given ǫLi j ∼ 0.1 as set by quark mixing, the current bounds on 











< 5.3× 10−3 . (16)
For m(3)R ∼ 103 GeV, this bound is satisfied requiring m
(3)
D  0.4 mt ≈
70 GeV. This O(1) correction to the unbroken PS relation m(3)D =
4
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mt is similar to the splitting occurring in the down sector, where 
mτ ≈ 0.8 mb at 2 TeV. We thus deduce no fine-tuning of the Dirac 
neutrino mass is required for the success of the mechanism. On the 
other hand, the construction naturally leads to unitarity violations 
close to the present experimental bounds.
3.3. U (1)F breaking
In the absence of nearest-neighbor interactions, the model re-
spects a global U (1)F1 × U (1)F2 × U (1)F3 fermion number sym-
metry. When these interactions are turned on, this symmetry is 
explicitly broken to the diagonal U (1)F subgroup. The VEV of 
, 
which is localized mainly in the first site, spontaneously breaks 
U (1)F giving rise to a massless Nambu-Goldstone (NG) boson. As 
is well known, baryon and lepton number emerge as accidental 
global symmetries when PS is broken to the SM by the VEV of . 
From the structure of Lν , it is clear that the spontaneous breaking 
of fermion number occurs only in the leptonic sector. Therefore, 
baryon number remains as an accidental global symmetry of the 
theory, ensuring proton stability, while we can identify the NG bo-
son with the Majoron J .6
Since the breaking of U (1)F is localized on the first site, the 
Majoron is mostly the phase of 














c + h.c. . (17)
To give a mass to the Majoron, U (1)F must be explicitly broken. 
On general grounds, one expects all global symmetries to be ex-
plicitly broken by Planck-scale dynamics. Here we assume that 
such breaking takes place at a generic high scale F ≫ 〈
1〉 via 
dimension-5 operators localized in the first site


















+ h.c. , (18)









If U (1)F is explicitly broken at the Planck scale (i.e. for F = MP ), 
the resulting Majoron mass is around 50 GeV for 〈
1〉 ∼ 107 GeV 
and ci ∼ 1. In this case, the Majoron decays to active neutrinos 
with a width controlled by7 (mν/〈
1〉)2 . The resulting Majoron 
is long lived on cosmological time scales, potentially leading to 
an unacceptably large relic abundance [39]. However, for F 
1012 GeV, we have m J  m
(2)
R and the Majoron decays promptly 
to the pseudo-Dirac pair S (2)L , ν
(2)
R with a lifetime of τ ∼ 1 ps.
As a final point, we note that the would-be NG bosons in the 
coset U (1)F1 × U (1)F2 × U (1)F3/U (1)F correspond to global sym-
metries with large explicit breakings ∝ 〈i j〉. These would-be NG 
thus acquire masses of order f i j and have unsuppressed decays 
into the heavy pseudo-Dirac neutrinos.
4. Towards a continuous higher-dimensional UV completion
Up until now we have described the PS3 model using the dis-
crete language of three sites connected by nearest-neighbor inter-
actions. This language implicitly admits the embedding of the the-
ory into a higher-dimensional discrete construction [29–31]: non-
local interactions with respect to the additional, discrete, space-like 
6 Proton stability can be ensured also at the non-renormalizable level if U (1)F
is promoted to a gauge symmetry. In this case, the would-be Majoron become the 
longitudinal component of the U (1)F massive gauge boson.
7 Potential decays to S (3)L , ν
(3)
R are similarly suppressed by (μ3/〈
1〉)2 .
coordinate are suppressed by appropriate scale ratios, whose net 
effect is encoded by the ǫ Fi j spurions (F = L, H, . . .).
However, the underlying higher-dimensional completion of the 
model does not need not be discrete: the three sites can be viewed 
as special (discrete) values yi of a continuous, compact, space-like 
coordinate y. These special points indicate where the three gener-
ations of fermions are localized, or better quasi-localized, in the y
space. In this context, the power-like behavior of the scale ratios 
naturally leads us to promote the ǫ Fi j to exponential functions of 
the continuous variable y:
ǫ Fi j ≡ ǫF (yi − y j) = e
−MF / f i j , f i j = |yi − y j|−1 . (20)
Here M F is some mass scale unique to each field. In this descrip-
tion, the matter fields (scalar and fermions) can be thought of as 
having exponentially decaying profiles in y space, where the steep-
ness of the profile is controlled by M F . With O(1) differences in 
the M F values we easily achieve the large hierarchies outlined 
in (13). Moreover, with an almost equal spacing among the three 
notable points ( f12 ∼ f23) we achieve the geometric behavior of 
the scale ratios implied by the flavor hierarchies.
As we discuss in Section 4.1, the assumption in (20) provides a 
transparent and robust interpretation of the whole flavor structure 
of the model, as arising from an extended spacetime characterized 
by coordinates {y, xμ}, with y being continuous and compact. In-
terestingly enough, this is achieved without the need of specifying 
in detail the geometry of the extra dimension: they only key re-
quirement is a setup allowing y profiles as in (20) to be stable 
field configurations. More precise hypotheses about the geometry 
are needed to address the gauge sector, which presents some prob-
lematic points as discussed in Section 4.2. The sketch of a complete 
dynamical 5D model is presented in Section 4.3.
4.1. Flavor sector
We can infer the localization properties of the matter fields in 
this space by matching their profiles onto the corresponding ǫ Fi j
spurions of the discrete picture. In particular, the absence of ǫRi j
in the discrete model implies that right-handed fermions should 
be highly localized at each site. For now, we make the fully lo-
calized approximation (i)R (y) ∝ δ(y − yi), corresponding to the 
limit MR/ML → ∞. However, R can be somewhat delocalized as 
we quantify later. On the other hand, in order to generate non-
vanishing ǫLi j (i.e. non-vanishing left-handed mixing) we assume 




L (y) ∝ e
−ML |y−yi | , (21)
and similarly for S (i)L .
The scalar fields must be localized such that their VEVs give the 
largest symmetry breaking in the appropriate family, as discussed 
in detail in Sections 2 and 3. Specifically, as electroweak symmetry 
breaking is largest in the third family, we take the Higgs VEV to be 
localized at y3
〈H(y)〉 ∼ 〈H3〉 e−MH |y−y3| . (22)
In contrast, SU (4) and U (1)F breakings are largest in the first fam-
ily, suggesting localization of the  and 
 VEVs at y1






In this continuous construction, the coupling structure for fields 
depending only on xμ is given by integrating over y, giving the 
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Fig. 2. Schematic representation of the field profiles in the continuous 5D version 
of the model. Right-handed fields, being mostly localized at their respective sites, 
are not shown. Not shown are also the parts of fermion profiles that can be rotated 
away by a suitable basis choice or that generate chirally-suppressed rotations.




















−→ mi jD ∼ 〈H3〉 e
−MH |y j−y3|e−ML |yi−y j | , (24)
which reproduces the structure of (10) up to a chirally-suppressed 
right-handed rotation that we neglect. This also gives us a way 
to quantify the degree of localization of R , as delocalizations of 




ij yield right-handed rotations smaller than those we 
neglect. This explanation of the SM Yukawa hierarchies is similar 
to the ones proposed in [40,41].
Comparing (10) and (24), we can deduce the structure for the 
ǫ Fi j anticipated in (20), showing the emergence of the discrete pic-
ture spurions from the continuous one. The continuous setup here 
can be qualitatively summarized by the schematic plot in Fig. 2
where, for additional clarity, we do not show the parts of the 
fermion profiles which generate rotations that are chirally sup-
pressed. Note that, at this level of the description, we do not need 
to specify if the different flavors of a given fermion field are gen-
erated by a unique 5D field, with a multi-cusp profile, or if they 
arise from three independent fields with a single-cusp profile. We 
will come back to this point in Section 4.3.
The mass parameters and distances in the continuous construc-




≈ logǫ Fi j , (25)










where we have used ǫL12 ≈ 2ǫL23 ≈ 0.2 as pointed out in (6). 
As discussed in the earlier sections, achieving successful fermion 
masses and mixing requires non-trivial relations between the ǫ Fi j , 
cf. (6) and (11). In the continuous higher-dimensional picture, 
these translate into a series of rather simple 5D mass relations8:
MH ≈ 2ML , M
 ≈ 2MS , M ≈ MS − 2ML . (27)
8 Also implied is the inequality M
 > MS > M > MH > ML , which tells us that 

 has the steepest (most localized) profile while L is the most spread. The param-
eter MR , characterizing the steepness of the right-handed profiles, should satisfy 
MR  3ML .
Due to these relations, all ǫ Fi j spurions are fixed in terms of only 
two fermion mass parameters, ML and MS , given in units of the 
basic scales f i j . Note however that the flavor structure of the 
model does not depend on the overall 5D scale




In the discrete picture the masses of the gauge bosons are 
mGi j ≈ gG f
G
i j where, following the notation of Section 2, f
G
i j de-
notes the VEV of the 4D link field Gi j in (3) associated to the 
group G = 4, L, R . Following the discussion in Sec. 4.1, it is tempt-
ing to transform the discrete set of 4D link fields into a continuous 
set of link fields,

G
i j (xμ) → (xμ, y) , (29)
identifying the f Gi j with the G-independent f i j defined in (20) and 
characterizing the overall 5D scale via (28). However, as we shall 
see, this introduces a series of problems.
On general grounds, when a (5D) continuous link field takes a 
VEV, an infinite number of PS gauge groups are horizontally Hig-
gsed down to the diagonal subgroup. The finiteness of the space 
sets an infrared cutoff mIR ∼ 4π L−1 and quantizes the mass of any 
excitations in units of this scale, at least in a flat geometry. Thus, 
we end up with one set of massless gauge bosons transforming in 
the adjoint representation of the diagonal PS group,9 plus a nu-
merable infinite tower of increasingly heavier gauge bosons with 
masses mVn = n/L (again in a flat geometry).
Within this context, the discrete link field VEV structure in Sec-
tion 2 is recovered when considering only the lightest excitations 
associated to the two distances among the three special points 
( f −112 and f
−1
23 ), for which
〈i j〉 ∼ ni j/L , (30)
with ni j = L f i j . If one hopes to address the B-anomalies with 
the lightest SU (4) excitations, the scale f23 should be in the TeV 
range. This poses two problems
(I) In the naïve picture illustrated above, all the links associated 
to a given length have the same VEV. Allowing for 〈4i j〉 <
〈L,Ri j 〉, as required by the tight constraints from Z and W
coupling modifications, seems to suggest different labels on the 
continuous coordinates associate to the different gauge groups, 
i.e. Gi j (xμ) → (xμ, yG).
(II) The successful reproduction of fermion masses and mixings 
presented in Section 4.1 indicates f12 ∼ f23 , which would im-
ply that also f12 should be in the TeV range, in manifest 
conflict with the FCNC bounds. Alternatively, L−1 could be 
pushed above 103 TeV, which is still compatible with a good 
description of the spectrum but precludes a solution of the B-
anomalies.
There are different ways to address these problems depending on 
the specific geometry of the extra-dimensional construction, as 
well as on additional details of the UV structure of the model. 
For instance, concerning problem I, O(1) differences among the 
〈Gi j 〉 belongings to different gauge groups (on the same interval) 
could effectively be obtained adding additional source of breaking 
9 The diagonal PS group is vertically broken to the SM by the VEV of , so the 
coset PS/SM contains only massive gauge bosons.
6
J. Fuentes-Martín, G. Isidori, J. Pagès et al. Physics Letters B 820 (2021) 136484
and/or placing non-universal kinetic terms for the different gauge 
groups on the three 4D branes. The problem II, which is the most 
serious one, requires a parametric decoupling of the IR cutoff con-
trolling the masses of the vector resonances from the inverse size 
of the interval. As we discuss in detail below, this effect is natu-
rally achieved in the context of a warped geometry.
4.3. Warped 5D model
A natural and more precise interpretation of the ideas sketched 
above can be obtained in terms of a physical fifth dimension com-
pactified on an interval y ∈ [0, L] containing 3 four-dimensional 
branes or topological defects.10 For simplicity, we take the inter-
val to be bounded by two of these branes. An essential property of 
these defects is that they allow for the localization of fermions, 
while the endpoint branes additionally impose boundary condi-
tions for all fields. The gauge group in the 5D bulk is taken to be 
a single instance of PS, namely PS5D = SU (4) × SU (2)L × SU (2)R , 
where the 5D matter content is charged under PS5D as indicated 
in Table 1.
As anticipated, to address problem II we consider a warped 
spacetime geometry
ds2 = e−2σ (y)ημνdxμdxν − dy2 , (31)
where ημν = diag(1, −1, −1, −1) is the 4D metric and the warp 
factor σ is a monotonically increasing function of y satisfying 
σ (0) = 0. The case where σ (y) = ky corresponds to 5D anti-de 
Sitter (AdS5) spacetime with constant curvature k. While we fo-
cus on AdS5 in what follows, our results are easily generalizable 









+ y ̄LH R + ỹ ̄L H̃ R + y S̄ L †R
+ MS S̄ L S L + y
 S̄ L 





where V (H, , 
) is the most general potential of the scalar fields 
and any generation indices have been left implicit.12 In order to 
study the low energy 4D dynamics of this theory, we perform a 










where s = 0, 1, 3/2 for gauge bosons, scalars, fermions, in order to 
ensure the fields are canonically normalized. The 4D fields Xn(xμ)
in (33) are the zero mode (n = 0) and KK modes whose localiza-
tion along the extra dimension are described by the orthonormal 
mode profiles fn(y).13 Inserting this expansion into the action, we 
see that this geometry has the property that mass scales become 
exponentially suppressed as Me−ky for y > 0. This leads to the 
identification of the y = 0 (y = L) brane as the UV (IR) brane. 
In particular, the IR mass scale is Me−kL , and thus kL ≫ 1 cor-
responds to strong warping. We recall that a warp factor kL ≈ 37
10 These defects could be physical branes, domain walls supporting fermion local-
ization, or a combination of both [42–46].
11 We do not attempt to provide a dynamical origin for the fermion masses, as 
in [47,48], and simply assume that Mi are Z2-odd parameters under the orbifold 
symmetry.
12 The three families of fermions could arise directly from three 5D fields, or per-
haps as multiple zero modes of the same 5D field as in Ref. [40].
13 The functions fn(y) satisfy the orthonormalization condition 
L−1
∫ L
0 dy fn(y) fm(y) = δnm .
Table 1
5D matter content with charges under PS5D = SU (4) ×
SU (2)L × SU (2)R as well as under the fermion number 
global symmetry U (1)F . Here, any generation indices are 
left implicit.
Fields SU (4) SU (2)L SU (2)R U (1)F
L 4 2 1 1
R 4 1 2 1
S L 1 1 1 1
 4 1 2 0
H 1 2 2̄ 0

 1 1 1 2
was proposed in [49] as a way to address the hierarchy between 
the Planck and EW scales. Our aim here is to address a smaller hi-
erarchy, namely the one between UV ∼ k ∼ 104 TeV and the EW 
scale, which still requires strong warping with kL ≈ 9.
The couplings of the 4D fields Xn(xμ) are determined by the 





















m (y) . (35)
This model reproduces the essential features of the flavor sector 
discussed in Section 4.1. The general features of warped extra di-
mensions are summarized in [50]. In particular, the fermionic zero 
modes are made chiral by the usual orbifolding and have exponen-
tial profiles of the form
f
L,R









where NL,R is a normalization factor. Thus, we can localize the 
fermions according to Fig. 2 via a suitable choice of bulk masses. 
Similarly, the desired exponential scalar VEV profiles in the 5D 
bulk can be obtained via a suitable choice of boundary potentials 
which trigger SSB on the appropriate branes [51–55]. We now turn 
our attention to the gauge sector of this model, which requires a 
more detailed examination.
4.3.1. Gauge sector
The gauge boson mode profiles f An (y) satisfy
∂2y f
A
n − 2k ∂y f An +m2ne2ky f An = 0 , (37)
where the KK masses mn are dominantly determined by the IR 
boundary condition (BC). We are always interested in the case 
where the IR boundary respects the bulk gauge symmetry. This 
is achieved imposing the Neumann condition ∂y f An |y=L = 0, which 







πk e−kL , (n ≥ 1) . (38)
As expected, these masses are warped down from the UV scale k. 
If the UV boundary also respects PS5D , we have ∂y f An |y=0,L = 0, 
and there is also a massless zero mode with a flat profile in y
(corresponding to an unbroken 4D gauge symmetry). This univer-
sal zero mode can be seen immediately as the solution of (37)
with m0 = 0, which yields the normalized mode f A0 (y) = 1. From 
gauge vertices involving the zero mode Aμ,0(xμ), such as (34)
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For mn = 0, (37) has a general solution in terms of Bessel func-
tions. A reasonable approximation of the first KK mode profile 
which captures all the important physics is







where cUV is a constant fixed by the UV boundary condition for 
each gauge generator.
The bulk PS5D gauge group is vertically broken to the SM by the 
VEV of  dominantly localized on the first family brane (i.e. at y =
0). This removes the zero modes in the coset PS/SM. Because of the 
exponentially falling nature of 〈〉, this breaking can be treated via 
the UV BC, which can be approximated by the Dirichlet condition 
f An |y=0 ≈ 0 in the limit 〈1〉  k.14 In contrast, the SM generators 
remain unbroken and thus have Neumann conditions both in the 
UV and in the IR. The value of cUV in each case is approximately 
given by




where N (D) indicates Neumann (Dirichlet) BCs at the UV bound-
ary.
In both cases, the KK modes have flavor non-universal profiles 
peaked in the IR (i.e. at y = L), where the third family fermions 
are localized. All KK states thus have enhanced 4D couplings to the 
third family of size g(3)KK ≈ g4D
√
kL. Away from the IR boundary, the 
couplings of the KK modes belonging to the PS/SM coset (which 
includes the U1 LQ) become exponentially suppressed. As a result, 
to a good approximation these KK modes couple only to the third 
family. On the other hand, the KK mode profiles of the SM gauge 
group exponentially approach a constant value, leading to nearly 





the limit of fully localized fermions, the deviation from universality 
in the light families is exponentially suppressed as e−2k/ f32 .
It is clear that the 4D description of this theory differs from 
that of the 4D (or 5D discrete) PS3 model, due to the appearance of 
an infinite tower of KK states. However, an interesting comparison 
is obtained considering the first KK modes of this construction and 
the massive gauge bosons in the (4D) non-universal 4321 models 
(see [19,21,34,57–59]). The latter are indeed the low-energy limit 
of PS3 , as-well other third-family PS unification models [20]. As we 
have seen, the KK modes of unbroken 4D gauge symmetries couple 
to IR (UV) localized states with a volume enhancement (suppres-
sion) of 
√
kL. This is for instance the case of the first KK mode of 
SU (3)c , that we can identify with the coloron in 4321. In this case, 
the zero mode is the SM gluon, which must couple with strength 
g4D = gs . As a result, the first KK of SU (3)c couples to the third 
family with strength gs
√
kL, that we can identify with the SU (4)
gauge coupling (g4) in the 4321 model. In the limit of fully local-
ized fermions, the couplings of this massive vector to the different 
























up to the previously mentioned exponentially suppressed devia-
tion from universality in the light families. These are precisely the 
coloron couplings in the 4321 model. What is particularly remark-
able in the 5D construction is the emergence of the U (2)5 flavor 
symmetry as result of the (approximate) flatness of the KK profiles 
14 The fully correct procedure would be to include a bulk mass MA(y) for the 
gauge field in (37), which yields a similar result when 〈〉 is exponentially localized 
in the UV.
in the UV. A similar coupling structure holds for the first KK mode 
of SM hypercharge, that we can identify with the Z ′ in 4321.
On the other hand, the LQ is a KK mode in the same multiplet 
as the coloron, but it corresponds to a symmetry broken in the UV 
and therefore has exponentially small couplings to the light fam-
ilies (again as in the 4321 model, before fermion mass mixing). 
With kL ≈ 9, we have the LQ coupling g4 ≈ 3, which is known to 
give a good fit to the flavor anomalies. Interestingly, a warp factor 
kL ≈ 9 is also simultaneously compatible with sufficient FCNC sup-
pression in right-handed currents e−2kf23 ∼ 10−5 and realizing the 
correct fermion mass hierarchy without fine-tuning. For a Higgs 
VEV profile of the form 〈H〉 ∝ eaky , the correct fermion mass hier-
archy is achieved for a ≈ 2, which is the maximally spread Higgs 
VEV profile compatible with stabilizing the hierarchy between UV
and the TeV scale [52–55,60].
What is not present in the 4321 model are the states corre-
sponding to the KK modes of SU (2)L × SU (2)R . In the original 
(4D) formulation of PS3 these states are pushed in the 10 TeV do-
main playing with the VEVs of the corresponding link fields. This is 
not possible in the continuous 5D construction. Here the KK mass 
scale is universal, as shown in (38). In order to address the flavor 
anomalies we need
m1 ≈mLQ  5 TeV , (42)
where the last inequality follows from the requirement of a per-
turbative description (i.e. g4  3).
The SU (4) × SU (2)R/U (1)Y KK modes are not problematic 
since there is no corresponding zero mode: in particular, the mas-
sive W R and Z ′′ states have profiles similar to the LQ, with van-
ishing couplings to the light families and a smaller coupling to 
the third generation, and do not mix with the SM gauge bosons. 
In contrast, the electroweak KK modes have profiles similar to 
that of the coloron, as they are KK modes of an unbroken 4D 
gauge symmetry. The coupling to third family fermions is fixed 
to be g(3)KK = gL
√
kL, where gL is the SU (2)L 4D coupling. These 
KK modes mix with the SM EW gauge bosons leading to poten-
tially dangerous volume-enhanced modifications of their couplings 







These non-SM effects are highly constrained by data. The strongest 
bound comes from Z → τLτL , which sets a constraint on (43) at 
the per-mil level [61]. The Z → τLτL correction can be suppressed 
by an enlarged custodial symmetry, as in [62], but this cannot si-
multaneously protect the W couplings, which also set a per-mil 
constraint from τ decays [63]. Naïvely, in order to safely satisfy 
these bounds we would need mLQ  10 TeV, which is in conflict 
with the requirement (42).15
The tension between (42) and (43) arises because all of the 
KK modes share a common mass scale. This occurs for two rea-
sons: i) the IR boundary treats all generators of PS5D in the same 
way, and ii) there is only one fundamental length scale (kL). This 
suggests two directions to pursue in order to effectively decou-
ple what we denoted as horizontal breaking of SU (4) and SU (2)L
in Section 2. The first direction is that of imposing different BCs 
for the generators in the coset PS5D/SM. In particular, this can 
15 The non-vanishing (SM-like) couplings to light states also imply relevant bounds 
from direct searches, especially on the Z ′ . However, these are evaded for mZ ′ 
5 TeV [64]. Corrections to the oblique S and T parameters are under control due to 
the custodial SU (2)L × SU (2)R symmetry in the bulk, which is respected by the IR 
boundary [65].
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be achieved adding brane-localized kinetic terms with different 
weight for SU (4) and SU (2)L . The second direction is that of con-
sidering a 6D model, separating the fundamental length scales for 
SU (4) and SU (2)L × SU (2)R . The topology of the 6D construction 
should be such the full PS group propagates in the space shared 
by the fermions. Since the conflict between (42) and (43) is only 
an O(1) factor, both these directions are likely address this issue. 
Their detailed exploration is beyond the scope of this paper and 
will be presented elsewhere. Here we simply note that the con-
clusions regarding the neutrino and flavor constructions of Sects. 3
and 4.1 are expected to remain unchanged.
As a final note, the AdS/CFT correspondence [66–68] provides 
a connection between our model in AdS5 and a strongly coupled 
4D conformal field theory (CFT) with a large number of colors 
N ∼ (4π/g4)2 . The 4D CFT has a PS global symmetry where the 
SM subgroup is weakly gauged. Fields localized in the UV are el-
ementary while IR localized fields, such as the LQ, correspond to 
composite resonances of the CFT. This is similar to the model pro-
posed in Refs. [69,70],16 but with a specific flavor structure given 
by the three-site fermion localization in Fig. 2, which generates 
fermion mass hierarchies through a hierarchy of scales. The lat-
ter structure is, in its main features, in close correspondence with 
the 4D setup proposed in Ref. [41], which represents a change 
of paradigm compared to the widely discussed composite frame-
works where all the SM Yukawa operators are generated at the IR 
scale [71–75].
5. Conclusions
The three-site Pati-Salam model [18] originates from the am-
bitious attempt to i) unify and quantize the U (1) charges of 
quark and leptons, ii) obtain a natural description of all the SM 
Yukawa couplings in terms of O(1) parameters and fundamental 
scale ratios, and iii) address the recent hints of lepton-flavor non-
universality violations in semileptonic B decays.
In this paper, we revisited this model with the twofold purpose 
of addressing the problem of neutrino masses as well as analyzing 
the possible embedding of this four-dimensional construction into 
an extra-dimensional model. These two issues, which at first sight 
appear to be rather disconnected, turn out to be closely related: 
contrary to the Yukawa couplings, whose hierarchical structure is 
largely insensitive to the UV completion of the theory, the anarchic 
structure of the neutrino mass matrix arises by the non-trivial in-
terplay of low and high scales. The latter, which may appear ad hoc
from a genuine 4D perspective, finds a natural explanation and can 
be better appreciated within the extra-dimensional embedding of 
the model.
The key feature of the model is the localization of electroweak 
symmetry breaking and the breaking of the PS group at opposite 
sites: PS → SM breaking occurs on the first-generation (UV) site, 
while EWSB occurs on the third-generation (IR) site. This breaking 
is communicated to the other sites via nearest-neighbor interac-
tions suppressed by appropriate scale ratios which, in turn, are 
responsible for the hierarchical structure of the SM Yukawa cou-
plings. We have shown that a realistic neutrino mass spectrum can 
be achieved with a minimal extension of the model featuring three 
gauge-singlet fermions, with U (1)F -breaking Majorana masses and 
U (1)F -conserving couplings to the right-handed PS neutrinos. The 
highly hierarchical Majorana masses compensate the Dirac-type 
mass ratios via an effective site-by-site inverse seesaw mechanism, 
leading to an anarchic light neutrino mass matrix. A non-trivial 
outcome of this construction is a prediction of neutrino masses 
16 This model has an extended global symmetry in order to realize the Higgs as 
pseudo-NG boson of the spontaneously broken CFT.
in the range 10−2  mν  10−1 eV, under the assumption of a 
unique UV scale (UV ∼ 104 TeV) controlling the PS → SM and 
U (1)F breaking. This value of UV follows from a consistent de-
scription of the SM flavor hierarchies and coherent solution of 
the B-physics anomalies [18]. The construction also predicts one 
family of right-handed neutrinos at the TeV scale as well as siz-




2  10−3 , as noted first in [19].
The peculiar energy scales of the model find a natural inter-
pretation in the extra-dimensional embedding, where the three 
sites can be viewed as the special positions along the extra dimen-
sion where the fermion fields are quasi-localized. In this context, 
the various scale ratios can naturally be understood as originating 
from scalar fields taking exponentially decaying VEVs in the bulk. 
In particular, the hierarchical values of the fermion singlet masses 
correspond to a Majoron field peaked on the UV site, with an ex-
ponentially decaying profile steeper than the one of the PS → SM
breaking field. As we have shown, the entire flavor structure of the 
model can be naturally recovered in terms of the single scale ratio 
in (26) that controls the relative site separation, and the natural 
values of bulk masses summarized in (27).
In the continuous 5D framework, a consistent gauge sector fea-
turing a TeV-scale LQ field able to address the B-physics anoma-
lies clearly points toward a warped geometry, with a warp factor 
kL ≈ 9. While the low-energy limits of the 4D model and the 
continuous 5D one are identical by construction, the 5D model 
includes a more ambitious UV structure since it attempts to re-
alize a full theory of flavor. A particularly nice feature of the 
warped geometry is the emergence of the approximate U (2)5 fla-
vor symmetry at the TeV scale, as result of the quasi flatness of 
the Kaluza-Klein excitations in the UV. The UV spectrum of the 5D 
construction starts to differ from the 4D model already around 10 
TeV, due to the infinite towers of Kaluza-Klein states appearing in 
the continuous case. These new states would be seen first via their 
volume-enhanced corrections to the vertices of EW gauge bosons 
with third-family fermions, both in quarks and leptons as a direct 
consequence of the SU (4) gauge symmetry. This effect, with the 
specific quark-lepton relation, would distinguish our construction 
from typical warped 5D models without SU (4) gauge symmetry, 
even before a direct detection of the excited states of the KK tower. 
The sizable PMNS unitarity violations would also provide a clear 
signature of this construction compared to other models address-
ing the B-anomalies.
As we have pointed out in Section 4, the gauge sector of this 
5D construction, in its minimal implementation, present some ten-
sions with precision measurements of Z - and W -boson couplings 
to third generation fermions. This points to non-minimal exten-
sions in the EW sector that we have briefly outlined here and will 
be investigated in future work.
In summary, the warped 5D construction outlined in this pa-
per provides a very promising UV completion for the flavor non-
universal 4321 models addressing the B-physics anomalies [19,21,
34,57–59], while also satisfying the other two foundational aspects 
of the original PS3 construction, namely the PS-like unification for 
all the families of quarks and leptons and a natural description of 
the observed fermion spectrum.
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Appendix A. Details on neutrino mass diagonalization
After spontaneous symmetry breaking, the Lagrangians in (4), 





















ncL + h.c. ,
(A.1)













with mD , mR and μ as in (10). The mass matrix Mν is block-














where mν and mh are, respectively, the 3 × 3 light active neutrino 
and the 6 × 6 heavy neutrino mass matrices, and the unitary ma-









Since det(MR) = − det(m⊺R mR), all the eigenvalues of MR are 
larger than those of MD , independently of the value of μ, and the 
block diagonalization in (A.3) can be performed perturbatively in 
the m(i)D /m
(i)
R expansion [76–79]. At lowest order, we have
mν ≈ −MD M−1R M
⊺
D , mh ≈ MR , B ≈ MD M
−1
R , (A.5)













Using this expression, we arrive to the final form of the light neu-
trino mass matrix




Finally, due to the mixing between active neutrino and sterile 








ℓ Uν , (A.8)
where Uν is the matrix that diagonalize mν and Uℓ the left-
handed rotation that brings the charged leptons to their mass 
eigenbasis. The PMNS non-unitarity is parametrized by the 3 × 3
hermitian matrix η ≡ |1 − N†N| ≈ |BB†|, whose expression in 
terms of mD and mR is
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